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Longitudinal and transverse momentum spectra of final state hadrons pro- 
duced in deep-inelastic muon-deuterium scattering at incident muon energy 
of 490 GeV have been measured up to a hadronic center of mass energy 
of 30 GeV. The longitudinal distributions agree well with data from earlier 
muon-nucleon scattering experiments; these distributions tend to increase in 
steepness as the center of mass energy increases. Comparisons with e+e- data 
at comparable center of mass energies indicate slight difkences. The tram- 
verse momentum distributions show an increase in mean p’T with an increase 
in the center of mass energy. 
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In the measurements reported here, charged final state hadrons produced in deep- 

inelastic muon-deuterium scattering have been studied. The final state in muon 

scattering is dominated by light quarks, the charm and bottom content is small. 

Muon scattering thus provides a clean insight into light quark fragmentation and 

Quantum Chromodynamic(QCD) effects. The measurements were performed with 
positive muons of mean energy 490 GeV in the NM beamline at the Fermilab Teva- 

tron. The apparatus used in the experiment, Fermilab E665, has been described 

extensively elsewhere[l]. The muons impinged on a target vessel, which was ap- 

proximately one meter long and contained liquid deuterium, located inside a dipole 

vertex magnet. A second magnet, downstream of the vertex magnet and with an 

opposing field, provided the primary measurement of the momenta of the scattered 
muons and produced hadrons; their energies, E,, and Eh, were calculated assuming 

muon and pion masses, respectively. The momentum of each incident muon was 

measured in a conventional beam spectrometer. 

The kinematics of the muon scattering process, described by the exchange of a 

single virtual photon, for a fixed beam energy E, is defined by two Lorente invariant 

variables. We have used Q’, the modulus of the square of the virtual photon four- 

momentum, and W’, the total hadronic center of mass energy-squared, which is 

given by W’ = M1 + 2Mv - Q2, where Y = E - E,, is the energy exchanged in 

the lab system and I4 is the mass of the target nucleon which is assumed to be at 

rest. ZBj is given by z~j = Qz/2Mv. Th e variables used to describe the hadron 

kinematics are .z,, and pi; zh zz EJv is the fraction of the exchanged energy carried 

by the hadron, and pi is the hadron transverse momentum, defined with respect to 

the direction of the exchanged virtual photon. An alternative hadron variable, the 

Feynman-r (TV), describes the longitudinal momentum fraction of the hadron; for 

the muon scattering kinematics of this sample and for hadrons with z,, > 0.1, the 

two variables .z,, and ZF agree to within 3%. 

The results are based on the charged hadrons produced in the forward hemisphere 

of the total hadronic center of mass system, from a sample of -11,000 muon- 

deuterium scattering events which survived cuts. A minimum v of 100 GeV was 

required to ensure good resolution in the kinematic variables. A kinematic restric- 

tion of y<O.85 (y = y/E) avoided the region where radiative corrections increase 

rapidly. An explicit lower limit of Qa > 2 GeV1/ ca was imposed; this was motivated 

by the minimum acceptance angle of 3 millirsdians of the trigger used for these data. 

All hadron tracks found and fitted by the reconstruction programs - pattern 

recognition, track fitting, and vertex fitting - were required to satisfy basic selection 
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criteria before being included in the distributions. The requirement on the hadronic 

energy fraction, zh > 0.1, limited the sample of tracks to those which had adequate 

acceptance in the forward spectrometer. The distance of closest approach between 

the fitted hadronic tracks and the primary muon scattering vertex had to be less 

than 1 cm; this minimized the number of tracks with mismeasured hadron transverse 

momentum component. Additional requirements on track quality parameters, x1- 

probability, and relative error on momentum measurement were imposed[S]. 

The selection criteria listed above, as well as the corrections applied to the data 

described below, were derived using an extensive simulation program. The genera- 

tion of deep-inelastic muon scattering events and hadron fragmentation, using quark 

distribution functions from Morfin and Tung [2], was realized with a Monte Carlo 

(MC) model developed by the Lund group [3]. This model provides an adequate 

description of the particle distributions for use in the calculation of acceptance. 

The generated particles were traced through a detailed model of the detector, ac- 

counting for particle decays, secondary strong and electromagnetic interactions as 

well as chamber efficiencies and noise. The MC event information was structured 

identically to data information to allow a full event reconstruction using the same 

reconstruction programs on both sets. The comparison of MC event information 

between generated and reconstructed values determined corrections for the geomet- 

ric acceptance as well as the reconstruction acceptance. In addition, corrections 

for secondary interactions, X0 and A decays were obtained. The combination of 

these acceptance corrections affected the uncorrected hadron distributions by up 

to 20-30%. Contamination of the hadron sample by electrons originating from 

bremsstrahlung, which occurs mainly for zh> 0.8, was not removed explicitly from 

the hadronic distributions but has been estimated to be less than 10%. 

Radiative corrections, based on calculations by MO & Tsai [4], have been applied 

to the data. The procedure corrects for the modification of the event kinematics 

due to photon emission associated with either the incident or scattered muon. It 

also accounts for the modification of the yields as a function of the muon scattering 

variables. These corrections increase with zh and p$ up to a maximum of -2O%, 

depending on the event kinematics; they are well understood and contribute little 

to the uncertainty of the derived distributions. 

Particular effort has been expended to estimate the magnitude of systematic errors. 

If the MC model of the apparatus and the physics were to reproduce reality perfectly, 

the fully corrected data distributions, in a fixed kinematic bin, would not depend on 

any of the selection criteria. In practice, variations of the selection criteria imposed 
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on the data have lead to slightly different final hadron distributions; the magnitudes 

of these differences have been employed as an estimate of the relevant systematic 

errors associated with the final distributions. We quote an error of N 15% for the 

(I/N,)(dNh/dZJ,) distributions. For p$ > 3.5 GeVz/ca, an uncertainty of ~20% 

is estimated for (l/N,,)(dNh/d&) and 3%-9% for (&). A complete discussion of 

this analysis method is given in reference [S]. 

Within the quark parton model, the normalized zh distribution is the result of 

the convolution of light quark fragmentation functions with the quark densities, 

weighted by the charge-squared of the quarks [6]. The fragmentation functions 

are postulated to be independent of the underlying hard scatter, which permits 

comparisons between lepton scattering and other interactions, to the extent that 

the participating quark species are the same. Within this model, there is also 

no dependence on the event kinematics. A calculation based on QCD suggests 

deviations from this behavior leading to a steepening of the zh distribution as W1 

increases[7]. Such steepening has been observed in muon scattering [E] and e+e- [9] 

interactions. 

Figure la shows the scaled energy distribution (%A) for charged hadrons measured 

in this experiment. The average W” of the data set is 420 GeV’. The error bars 

represent the statistical errors only. For comparison, data at somewhat lower W, 

measured by the EMC [lo] and by earlier muon scattering experiments at Fermilab 

[II] are included. There are no obvious differences among the deep-inelastic muon 

scattering data sets. The data are well represented by a simple exponential in zh 

for Zh> 0.1. In Figure lc we show the results of fitting our data, in several ranges 

of W, with a simple exponential in zh. The absolute value of the slope increases 

slightly as W increases. In Figure lb the pd data are compared to those from efe- 

annihilation at a comparable center of mass energy, taken from reference [12] and 

scaled by a factor 0.5 to ensure a comparison for one hemisphere only. In the interval 

0.1 < zh < 0.75, the distribution measured in e*e- annihilation is slightly steeper. 

One should remark that neither the variables nor the analyses are identical, since the 

event axis is not known a priori for the e + - e data. Such effects were studied at lower 

energies and were found not to debase the conclusion that the e+e- data are steeper; 

it was suggested that this is due to the difference in the mix of quarks involved [lo]. 

The results of exponential fits to the TASS0 [12] data are also included in Figure lc; 

in both data sets the slopes of the distributions become steeper as W* increases. 

Such a dependence would be expected as a result of QCD[7]; it is analogous to the 

QCD evolution of the structure functions. 
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Figure 1: Scaled energy distribution (zh) measured in this experiment in compari- 
SOI: to earlier pp scattering experiments (a) and to e+e- annihilation interactions 
(b) and the W dependence of the slope parameter (see text) of the scaled energy 
distributions (c). The variables +F = ~PL/W and zp = ZPIW are very similar to 
zh in the range shown. 



In Figure 2 we display the p$ distributions, (l/N,,)(dNh/dp$) , measured in 
this experiment for three different ranges in W r. The distribution at low p$ shows 

the typical exponential decrease but is much flatter at high p$, which is consistent 

with descriptions of such QCD processes as gluon bremsstrahlung. This feature 
is especially marked for the highest W’ data. For comparison, some data from 

a recent EMC analysis are included, which used a merged data set of pp and pd 

interactions[l3]. 

The average p$ in lepton scattering has been understood in simple terms as the 

quadratic sum of terms from three sources: the intrinsic momentum of the quarks in 

the nucleon, the pi introduced by the fragmentation process, and the pr introduced 

by perturbative QCD processes which may be either gluon emission by the partic- 

ipant quark or the photon gluon fusion mechanism. The first of these is expected 

to lead to an increase of the (p$) with zh, as the hadron takes a fraction z,, of the 

initial quark transverse momentum. The second contribution, from fragmentation, 

is approximately constant in most models. The QCD contribution is expected to 

grow proportionally with W’ [14], as the phase space available for gluon emission 

grows. We plot, in Figure 3, the average p$ versus Wa for three different z,, ranges: 

0.1 < zh < 0.2 (a), 0.2 < th < 0.4 (b), and 0.4 < z,, < 1.0 (c). The W1 range 

in Figure 3c is limited to W’ < 700 GeVz, to limit systematic uncertainties. We 

also include measurements from both muon[l3] and neutrino[lS, 16, 171 scattering 

experiments although [17] th e a er are not expected to be identical. The expected 1 tt 

behavior is clearly seen; there is an increase of (p$) with Wz as well as with zh, and 

the higher energy data from this experiment connect smoothly to the lower energy 

data. The rise as a function of Wz appears to be weaker if only the higher W” data 

are considered, perhaps because the higher W* data tend to be at lower z~j. 

Deep-inelastic muon scattering data have been presented from a previously un- 

explored kinematic region of center-of-mass energies of up to -30 GeV. The data 

smoothly connect to those from lower energy lepton scattering, in terms of both 

their scaled energy and transverse momentum characteristics. A small difference in 

the scaled energy distribution is observed in the comparison of PN and e+e- data 

possibly due to the different quark content in the two processes. A steepening of 

these distributions as a function of W’ is observed, which is the result expected from 

QCD gluon emission effects. The increase of (p$) with W”, which was observed in 

previous data at lower energies, persists to these higher Wa data although with 

somewhat shallower slope. 

We wish to thank all those personnel, both at Fermilab and at the participating 
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